. We used genome and 16S ribosomal RNA (rRNA) gene sequence analyses to examine the ecological distribution patterns of CPR and DPANN organisms and found them in many environments, including acidic 9, 17 , alkaline 18 and hypersaline habitats 19, 20 , freshwater 1, 21, 22 , terrestrial 1, 3, 7, 12, [23] [24] [25] and marine 1, 7, [26] [27] [28] [29] ecosystems, and animal 7, [30] [31] [32] [33] [34] microbiomes (Supplementary Table 2 ). Overall, CPR and DPANN organisms are mostly detected in oxygen-limited or anaerobic environments. Although many CPR organisms seem to be dominant in untreated groundwater, the members of the Parcubacteria candidate superphylum can be selectively enriched in treated water 35 regardless of treatment and disinfectant type 36 and thus can persist in drinking water 37 . Both CPR and DPANN sometimes occur within the human microbiome (Supplementary Table 2 ). For example, 'Candidatus Saccharibacteria' (TM7) 38, 39 and 'Candidatus Absconditabacteria' (SR1) 38 (both CPR) have been found in the mouth. 'Ca. Saccharibacteria' and 'Candidatus Parcubacteria' (OD1), also CPR, occur in the gut 40 and may be implicated in bowel disease 41 . The cell-free DNA of 'Ca. Parcubacteria' has been detected in blood 42 , and cells of DPANN archaea
Biosynthetic capacity, metabolic variety and unusual biology in the CPR and DPANN radiations Cindy J. Castelle 1, 2 , Christopher T. Brown 1 have been detected in lung fluids 34 . Various CPR and DPANN organisms were recently reported in the dolphin mouth 43 , including 'Candidatus Gracilibacteria' (BD1-5), but CPR and DPANN seem to be at relatively low abundance in the surface oceans. When considering the global distribution of CPR and DPANN organisms, it is important to note that primer mismatches in 16S rRNA gene surveys can hinder detection of some phyla within these radiations 3, 9, 10, 44, 45 (Supplementary Figure 1  and Supplementary Table 3) .
Published genome analyses indicate that the CPR and DPANN organisms [1] [2] [3] [7] [8] [9] 11, [45] [46] [47] [48] [49] [50] have small genomes, small cell sizes and notable gaps in core metabolic potential, consistent with a symbiotic lifestyle 2, 3, 6, 46, 48, 49 . This fascinating pattern, involving massive groups of organisms in both the bacterial and archaeal domains, is not yet well understood. In this Analysis, we extend prior studies, leveraging published genomes 2, 3, [5] [6] [7] 11, 12, 19 (Supplementary  Table 4 ) to look broadly across the radiations to investigate the extent of similarity in their metabolic potential, focusing in particular on metabolic gaps and unexpected biological features that are unusual outside of these groups. This undertaking is timely because now there are a sufficient number of DPANN and CPR genomes on which to base such an analysis. Use of almost 1,000 nearcomplete metagenome-assembled genomes reduced the probability that major findings were incorrect owing to missing information. For each category of metabolism discussed below, we stress that the deductions are based on analysis of predicted proteins, as experimental validation of metagenome-derived sequences has been accomplished in only a few cases to date. Throughout, the possibility remains that apparently missing functions are present but divergent or that the function occurs via an unknown mechanism. However, when functions are performed by easily recognized, well-characterized proteins or occur in related organisms, we conclude that they are likely absent if the genes are not identified. Among many intriguing biological findings, we discovered introns within the tRNA genes of CPR. We identified phylogenetically distinct subgroups within the CPR and DPANN that, remarkably, lack essentially all biosynthetic pathways and ATP synthase and often have diversity-generating mechanisms that may be required to maintain host associations. Other groups may be The phylogenetic tree of Bacteria is shown in part a, and that of Archaea is shown in part b. Candidate phyla radiation (CPR) and DPANN ('Candidatus Diapherotrites', 'Candidatus Parvarchaeota', 'Candidatus Aenigmarchaeota', Nanoarchaeota and 'Candidatus Nanohaloarchaeota', in addition to other included lineages) superphyla or phyla are indicated. The maximum likelihood trees (RAxML with PROTCATLG model) are based on concatenation of 16 ribosomal proteins for Bacteria (ribosomal proteins L2, L3, L4, L5, L6, L14, L15, L18, L22, L24, S3, S8, S17 , S19, L16 and S10) and 14 ribosomal proteins for Archaea (as for Bacteria but without L16 and S10), as described previously 4 (Supplementary Methods). The trees in Newick format with full bootstrap values are in Supplementary Data 1 and Supplementary Data 2, respectively. The tree in part a is based on the sequences used in reF.
.
www.nature.com/nrmicro capable of independent growth. Overall, the CPR and DPANN display similar patterns of biosynthetic gaps as well as diversity in metabolic platforms.
Small genomes and small cell sizes A common feature of CPR and DPANN is their small genome size (Fig. 2) , an observation that motivates the question of whether they are cellular organisms. CPR and DPANN genomes encode genetic systems for cell division (for example, via FtsZ-based mechanisms), indicating that they are cellular life forms as opposed to DNA resident inside of host cells. These systems are not found in some symbionts with very reduced genomes 51 . The cells are small on the basis of the strong enrichment of CPR and DPANN by groundwater filtration 2, 3, 52 and cryo-transmission electron microscopy images of enrichments of CPR cells that passed through a 0.2 µm filter 39, 52 . Small cell size has also been established for specific Nanoarchaeota [53] [54] [55] [56] , Nanohaloarchaeota 20 and ARMAN archaea 10, 57 and is characteristic of another group of CPR bacteria when grown under some conditions 39, 58 . Although these tiny organisms were previously detected in many environmental studies on the basis of 16S rRNA gene amplification of cells retained on 0.2 µm filters, some seem to be specifically enriched on 0.1 µm filters. For instance, 'Candidatus Microgenomates' (OP11), 'Ca. Parcubacteria' that are missing ribosomal protein L1 (OD1-L1) 3 and 'Candidatus Katanobacteria' (WWE3) are more likely to be detected in small-cell filtrates, whereas the 'Candidatus Peregrinibacteria' (PER) and other 'Ca. Parcubacteria' are more often found on the 0.2 μm filter, which is probably indicative of larger cell sizes. Measurements of replication rates 59 and images showing cell division 57 indicate that the cells are metabolically active, at least under some conditions, and thus that small cell size is not simply a consequence of starvation.
An important question regarding the CPR and DPANN is whether small genomes are an ancestral characteristic or whether they are due to recent genome reduction. Genes for chromosome maintenance (for example, for DNA repair and recombination) and related functions 60 are often absent in the genomes of obligate intracellular symbionts undergoing genome reduction 60, 61 . Thus, we investigated the presence of mutM, mutY, mutL and mutS genes involved in base excision repair and DNA mismatch repair pathways in CPR genomes (Supplementary Table 5 ). Overall, 56% of the CPR genomes have one or more of these genes. The absence of these genes in CPR genomes correlates with smaller genome size (Supplementary Figure 2) , as previously reported for organisms with small genome size 60 . However, there is a wide range in genome size, even for those completely lacking Mut genes.
Homologous recombination is another capacity that often distinguishes symbionts that have undergone extensive genome reduction from other organisms. CPR and DPANN genomes typically encode genes for homologous recombination (for example, Holliday junction resolvases in CPR and DPANN, RecA in CPR and RadA in DPANN) (Supplementary Table 5 ). Although the CPR organisms lack the RecBCD enzyme (a helicase-nuclease that initiates the repair of doublestranded DNA breaks by loading RecA on the double-stranded DNA), they have the recFOR system (primarily responsible for recombination initiated at single-stranded DNA gaps, but it can also act at double-strand breaks). One peculiarity is that all 'Ca. Parcubacteria' lack recF (Supplementary Table 5 ). However, in Bacillus subtilis, loss of RecF does not abolish function 62 . Thus, we suspect that 'Ca. Parcubacteria' , as well as most other CPR and DPANN organisms, are capable of homologous recombination and possibly carry out this process via an unusually compact system.
Genome reduction may be ongoing in some lineages. However, given that many CPR organisms have the capacity for homologous recombination, base excision repair and mismatch repair (as well as the apparent lack of abundant pseudo-genes), we conclude that bacteria from many groups are probably not currently undergoing genome reduction owing to unrepaired DNA damage. Rather, they are maintaining the integrity of their genomes. Besides, if adaptive genome streamlining was actively occurring in CPR and DPANN genomes, some larger genomes should have been retrieved. Thus, small genome size may be a reflection of an ancestral state. Regardless of whether it is due to rapid evolution or long evolutionary history, the CPR and DPANN lineages, in combination, account for an extensive amount of bacterial and archaeal diversity 4, 7 (Fig. 1 ).
Anaerobic and symbiotic lifestyles
Most CPR and DPANN organisms lack a respiratory chain, including NADH dehydrogenase and complexes II-IV (Cx II-Cx IV) of the oxidative phosphorylation chain. Also notable is the lack of a complete tricarboxylic acid cycle (TCA) cycle, although some organisms have a subset of enzymes of this cycle, likely for biosynthetic purposes ( Fig. 3; Supplementary Table 5 ). On the basis of predictions of the metabolic capacities for most (but not all, see below) CPR and DPANN organisms, it is inferred that they are anaerobes.
To date, there are no reports of the capacity for complete gluconeogenesis in either the CPR or the DPANN radiation on the basis of the absence of glucose-6-phosphatase (which hydrolyses glucose-6-phosphate to glucose). Overall, a small subset of CPR and DPANN organisms possess a gluconeogenesis pathway up to the level of fructose-6-phosphate and glucose-6-phosphate, which in all likelihood is sufficient for a link to the non-oxidative pentose phosphate pathway (PPP) but not to glycogen or glucose synthesis.
Although many enzymes encoded in CPR and DPANN genomes require cofactors, pathways for their biosynthesis were rarely identified (Supplementary Table 5 ). Generally, the groups with the most extensive metabolic repertoires were found to have the most cofactor pathways (for example, 'Ca. Peregrinibacteria' and some 'Ca. Diapherotrites' , 'Ca. Micrarchaeota' and 'Candidatus Woesearchaeota'). For example, some 'Ca. Peregrinibacteria' , 'Ca. Micrarchaeota' and 'Ca. Diapherotrites' can make NAD and NADP from l-aspartate and can produce riboflavin, flavin mononucleotide (FMN) and FAD, and can probably synthesize
Candidate phyla
A phylum that is defined on the basis of sequence information and lacks any isolated representative. Table 5) .
Monophyletic
Perhaps the most surprising finding is that all CPR genomes studied to date possess substantially incomplete pathways for fatty acid biosynthesis (Supplementary Table 5 ). Lipids required to construct the cell membranes are likely to be derived from other organisms or scavenged from dead cells. Our analyses indicate that most CPR have complete or essentially complete pathways for peptidoglycan synthesis; yet surprisingly, 'Ca. Katanobacteria' and 'Ca. Dojkabacteria' (WS6) cannot make this cell wall compound ( Fig. 3; Supplementary Table 5 ). The inability to de novo synthesize a cell envelope (despite the abovementioned evidence that they are cellular life forms) is one of the strongest indicators that many CPR and DPANN organisms fundamentally depend on other organisms for basic resources. The extent to which they rely on other organisms is predicted to vary dramatically on the basis of the inventory of metabolic capacities found in each group.
Filling metabolic gaps
Many questions remain regarding energy generation and redox cycling within CPR and DPANN cells. The majority of genomes encode ATP synthase, yet only a few 'Ca. Parcubacteria' and one 'Ca. Aenigmarchaeota' can export protons from the cell via type 4 membranebound hydrogenases 2, 6 . Otherwise, it is unclear how the majority of CPR and DPANN organisms generate the proton motive force (PMF) needed if the ATP synthase complex is to produce ATP. From previous studies, it seems that some CPR and DPANN live as episymbionts, for example, as cells attached to the surfaces of other bacteria and archaea 10, 39, 52, 57 . In such cases, an intriguing possibility for the source of PMF is to scavenge protons from their host cells by maintaining very close proximity to proton-exporting complexes of the host cells. Alternatively, the ATP synthases might extrude protons to drive antiporters, consuming ATP generated by substrate-level phosphorylation.
CPR and DPANN organisms must salvage amino acids from environmental sources for protein construction and as potential carbon and energy sources. As such, many contain numerous proteases, as well as several transporters, whose substrates are unknown and whose numbers vary greatly (from very few to 75 per genome) within the same lineage and across phyla (Supplementary Table 5 ). Their genomes often harbour multiple transaminases that convert certain amino acids (including aspartate, glutamate, valine and alanine) to 2-oxoacids (ketoglutarate or pyruvate) (Supplementary Table 5 ). Similarly, many (but not all) CPR and DPANN must scavenge nucleotides. However, they have nucleases and the genes necessary to repurpose scavenged nucleotides into DNA and RNA.
Most CPR 63 and DPANN are devoid of CRISPR-Cas adaptive immune systems and instead rely on a larger than expected set of restriction systems for nonspecific defence 63 . Although risky, lack of phage or virus avoidance by cell surface receptor proteins, enabling injection of phage DNA, could represent a source of nucleotides as long as phages are intercepted. If the cells are attached to host cells, they could function as decoys, protecting their hosts from phages that might otherwise infect them 64 . Consistent with a possible function in DNA uptake, many CPR genomes contain at least one copy of ComEC, the DNA specific pore-forming protein required for competence 64 , and the DNA protection protein DprA (Supplementary Figure 3 ; Supplementary Table 5) .
CPR and DPANN organisms may have important roles in carbon cycling 2, 48 . The inputs into their central carbon currencies and energy generation are often complex carbon compounds such as those acquired from degraded plant or general microbial biomass 48 . Members of both groups can degrade cellulose (often extracellularly) and starch to monomeric carbon, which can be oxidized via glycolysis (Supplementary Table 5 ). The most common glycoside hydrolase for both CPR and DPANN is α-amylase, which is, in some cases, predicted to be extracellular. This may also indicate widespread consumption of plant-derived and bacterially derived carbon storage compounds such as starch and glycogen.
Most of the genomes of both CPR and DPANN organisms lack phosphofructokinase (PFK) and complete the glycolytic pathway by using a metabolic shunt. Specifically, fructose-6-phosphate is converted into glyceraldehyde-3-phosphate via the non-oxidative PPP. Interestingly, many 'Ca. Gracilibacteria' , 'Ca. Dojkabacteria' and 'Ca. Pacearchaeota' have almost no capacity for upper glycolysis, and the PPP is essentially incomplete as well (Supplementary Table 5 ). The metabolic platform of these cells remains unclear.
It is striking that only the reversible glycolysis enzymes are somewhat consistently present in CPR and DPANN genomes. In metabolic pathways, enzymes catalysing essentially irreversible reactions are potential sites of control. In fact, PFK is lacking in many genomes, yet it is the most important control element for glycolysis 65 . The rate of conversion of glucose into pyruvate must be regulated to meet two major cellular needs: the production of ATP that is generated by the degradation of glucose and the provision of building blocks for biosynthetic reactions. The absence of one, two or three of the regulatory enzymes (for example, glucokinase, PFK and pyruvate kinase) of this pathway poses the question of how the flux through the glycolytic pathway is adjusted in response to conditions both inside and outside the cell.
The central carbon degradation pathways of CPR and DPANN very often lead to pyruvate and acetyl-CoA, raising the question of the fate of these compounds. Many DPANN use the pyruvate dehydrogenase (PDH) complex to decarboxylate pyruvate and form acetylCoA. This is interesting, as this complex is usually found in aerobic organisms 40 , mostly in Eukarya and Bacteria (Supplementary Table 5 ). Only few CPR organisms have PDH. Instead, they generally convert pyruvate to acetyl-CoA using pyruvate:2-oxoacid-ferredoxin oxidoreductase (Supplementary Table 5 ). Many CPR and . 'Ca. Peregrinibacteria' use a pathway involving acetate kinase (Ack) and phosphotransacetylase (Pta) to produce acetate (the Ack-Pta pathway, which is mainly found in Bacteria). Other Table 5 ). Carbon compounds produced via fermentation pathways are probably excreted from CPR and DPANN cells. In fact, this may be a key role of CPR and DPANN in their ecosystems, as acetate, lactate, ethanol and formate produced by fermentation could support growth of aerobic or anaerobic respiratory organisms.
Certain CPR bacteria are abundant in acetateamended groundwater 3, 22, 23 . Some 'Ca. Microgenomates' have genomes that encode AMP-acetyl-CoA synthetase, which may confer the ability to use (as well as produce) acetate. The Ack-Pta pathway found in 'Ca. Peregrinibacteria' may be completely reversible and may function optimally at high concentrations of acetate. This mechanism may lead to the proliferation of 'Ca. Peregrinibacteria' following acetate stimulation.
Some CPR ('Ca. Parcubacteria' , 'Ca. Microgenomates' and 'Ca. Katanobacteria') and DPANN ('Ca. Micrarchaeota' , 'Ca. Parvarchaeota' , 'Ca. Woesearchaeota' and 'Ca. Aenigmarchaeota') organisms may generate H 2 via fermentation to dispose of excess reductant from glycolysis, and some may have the ability to use H 2 . A subset of CPR and DPANN possess membrane-bound and cytoplasmic NiFe hydrogenases (Fig. 4a) , and a few have iron-only hydrogenases (Supplementary Table 5 ). Phylogenetic analyses of the CPR and DPANN NiFe hydrogenase catalytic subunits revealed that most are type 3b cytoplasmic hydrogenases most closely related to those of fermentative, sulfur-reducing Thermococcales archaea 66 ( Fig. 4a) . These bidirectional hydrogenases catalyse the reversible oxidation of H 2 . When consuming H 2 , these enzymes could produce the reduced form of NADPH for anabolic metabolism. When reduced sulfur compounds such as polysulfide are available, the type 3b hydrogenases could use them as terminal electron acceptors during sugar fermentation, producing H 2 S (sulfhydrogenases) 2, 6 . Despite being the most extensively studied enzyme to date, multiple new ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco) forms have been identified through the analysis of CPR and DPANN genomes. Genes encoding form II/III Rubisco, originally thought to occur in only methanogenic archaea, were discovered in the genomes of CPR bacteria 6, 47, 49, 67 ('Ca. Peregrinibacteria' , 'Ca. Dojkabacteria' and 'Ca. Absconditabacteria') and DPANN 'Ca. Pacearchaeota' 2 . Additionally, divergent form III (bacterial form III-like 67 
)
Rubisco has been reported in CPR genomes. The sequences define a distinct and strongly supported monophyletic group that branches deeply from, yet is most similar to, the archaeal form III Rubisco 67 . New analyses of Rubiscos from recently published DPANN genomes 11, 12 reveal that the form III-like Rubisco is also found in some DPANN organisms (Fig. 4b) . We also expanded the form II/III Rubisco clade by the addition of new DPANN sequences from the 'Ca. Diapherotrites' and 'Ca. Micrarchaeota' phyla (Fig. 4b) . These Rubiscos are not believed to function within the Calvin-BensonBassham (CBB) pathway but rather in a pathway involving nucleotides or nucleosides 68 . Rubisco genes were recovered in 'Ca. Dojkabacteria' and 'Ca. Pacearchaeota' with the smallest median genome size across the CPR and DPANN radiation, respectively (Supplementary Table 5 ). As they lack upper glycolysis and the entire PPP, they must rely on other members of the community for external ribose to feed into the nucleoside pathway. In fact, some 'Ca. Dojkabacteria' possess two Rubiscos, which are of different types 69 . The prominence of these genes suggests a central importance of Rubisco in the metabolism of these organisms.
Metabolic capacities
We investigated metabolic capacities across the CPR and DPANN organisms from various ecosystems to determine whether there is evidence for a range of degrees of dependence on other organisms. This analysis is important because it may throw light on the evolutionary processes that led to the current metabolic patterns. We found that, although all seem to have a fermentative-based lifestyle, biosynthetic capacities vary greatly across both groups (Fig. 3) . Overall, the analysis of nearly 1,000 CPR and DPANN genomes reconstructed from different studies and environments 2, 3, [5] [6] [7] 11, 12, 19 highlights a consistency in their metabolic content, apart from the few exceptions described below (FigS 3,5,6; Supplementary Table 5) .
Organisms from the 'Ca. Peregrinibacteria' phylum have moderately extensive core biosynthetic capacities. All seem to synthesize nucleotides, certain amino acids and cofactors, but they cannot synthesize required fatty acids (Supplementary Table 5 ). However, most organisms from this phylum invest greatly in biosynthesis of cell envelope components, including peptidoglycan. Their genomes encode large extracellular proteins, some of which are cysteine rich and may function in cell attachment 70 . They typically have the capacity to synthesize isoprenoids via the archaeal mevalonate pathway 70 or the bacterial 1-deoxy-d-xylulose 5-phosphate (DOXP)-2-C-methylerythritol 4-phosphate (MEP) pathway (FigS 3,5a; Supplementary Table 5 ), but the type and localization of the products remain uncertain. Fig. 3 | Profile of presence or absence of certain metabolic or biosynthetic capacities. The metabolic or biosynthetic capacities (columns) are shown for 373 selected candidate phyla radiation (CPR) and DPANN ('Candidatus Diapherotrites', 'Candidatus Parvarchaeota', 'Candidatus Aenigmarchaeota', Nanoarchaeota and 'Candidatus Nanohaloarchaeota', in addition to other included lineages) genomes (rows). The sets of capacities tend to be consistent within specific lineages despite the derivation of the organisms within each group from diverse ecosystem types. Metabolism is sparse in most groups, but 'Candidatus Peregrinibacteria' consistently have substantially more biosynthetic capacity. Notably , subgroups within 'Ca. Peregrinibacteria' are distinguished by their choice of biosynthetic pathways, for example, the mevalonate (MVA) versus the 2-C-methylerythritol 4-phosphate (MEP) pathway for synthesis of isoprenoids. Conversely , other groups have especially minimal capacity (for example, 'Candidatus Dojkabacteria' (WS6) and 'Candidatus Pacearchaeota'); intriguingly , organisms from both 'Ca. Dojkabacteria' and 'Ca. Pacearchaeota' also often have ribulose-1,5-bisphosphate (RuBP) carboxylase-oxygenase (Rubisco). Details of the ecosystem type and metabolic capacities are provided in Supplementary Table 4 They are non-respiring anaerobes predicted to ferment, likely producing acetate, lactate and formate from pyruvate (no formate dehydrogenases and only one hydrogenase were identified). 'Ca. Peregrinibacteria' genomes lack detectable mechanisms for recovering additional energy via membrane potential coupled to ATP synthase, but many may use Rubisco for making ATP by shunting nucleotides through central carbon metabolism (Fig. 5a ).
The metabolisms of members of the Parcubacteria superphylum can vary greatly, from minimal to more complex (Supplementary Table 5 ). One archetype for this large group is the consistent lack of complete core biosynthetic capacities (nucleotides, lipids, fatty acids and many amino acids) (Supplementary Table 5 ). Many can produce acetate, ethanol, lactate and hydrogen as fermentation end products (Fig. 5b) . In a few members, hydrogen could be generated via NiFe type 4 membranebound hydrogenase and cytoplasmic type 3b hydrogenase (Fig. 5b) . In this case, the dual hydrogenase system may function in intracellular hydrogen cycling, where H 2 and PMF are produced by the membrane-bound hydrogenase, and H 2 is shuttled to the cytoplasmic hydrogenase 6 (Fig. 5b) .
One exception within the Parcubacteria superphylum is 'Candidatus Parcunitrobacter nitroensis' (reF.
71
), which has an extensive metabolic repertoire (Fig. 6b) . This parcubacterium has an essentially complete electron transport chain, both fermentative and respiratory capacities and nitrogen and fatty acid metabolism. Importantly, the sequences of all enzymes involved in nitrogen compound-based respiration (nitrite reductase putative hydroxylamine oxidoreductase and a nitric oxide reductase) are highly divergent from sequences found in other organisms, suggesting that these capacities were not recently acquired from non-CPR organisms through lateral gene transfer (LGT). However, this bacterium lacks the capacities to produce lipids, nucleotides and multiple amino acids. Thus, it seems to depend on its surroundings to meet these requirements 71 . Additionally, several 'Ca. Parcubacteria' 72 have genomes that encode a copper nitrite reductase (nirK) and/or an NADPH nitrite reductase (nirB), which form nitric oxide and ammonium from nitrite, respectively (Supplementary Table 5 ). However, the lack of other respiratory complexes and/or enzymes in these genomes suggests a putative role in detoxification of nitrite rather than anaerobic respiration or denitrification. Finally, analyses of 12 'Ca. Parcubacteria' single-cell-amplified genomes from marine sediments revealed the capacity for respiration, and 1 is predicted to have the ability for nitrate reduction 73 . Overall, meta bolic versatility is heterogeneous in the Parcubacteria superphylum, possibly reflecting adaptation to different environment types.
The DPANN lineages that are predicted to have far more extensive biosynthetic capacities than others, and therefore could be free living, are the 'Ca. Diapherotrites', 'Ca. Micrarchaeota' (Fig. 6c) and 'Ca. Parvarchaeota' (Supplementary Table 5 ). Two 'Ca. Micrarchaeota' and one 'Ca. Parvarchaeota' have essentially complete electron transport chains. Some DPANN genomes ('Ca. Micrarchaeota' and/or 'Ca. Parvarchaeota' and 'Ca. Woesearchaeota') encode nearcomplete TCA cycles and genes for the catabolism of fatty acids via β-oxidation (FigS 3,6c) . For example, 'Ca. Micrarchaeota' ARMAN-1 and ARMAN-2 ('Candidatus Micrarchaeum acidiphilum') genomes also encode some membrane-bound subunits of the NADH dehydrogenase (systematically lacking the NADH-binding module), succinate dehydrogenase, cytochrome bd-oxidase and ATP synthase enzymes involved in oxidative phosphorylation (Fig. 6c) . One 'Ca. Woesearchaeota' genome encodes the components of a potential Mtr respiratory pathway involved in iron metabolism [74] [75] [76] (for example, multihemes, cytochromes and an associated membrane protein) (Fig. 6a) . This genome also encodes a cytoplasmic MvhD-HdrABC complex (F420-non-reducing hydrogenase iron-sulfur subunit D and heterodisulfide reductase ABC), which has been shown to reduce the disulfide of coenzyme M and coenzyme B (CoMS-SCoB) in the final step in all methanogenic pathways 77, 78 . However, the lack of other key enzymes in methane metabolism prevents assignment of a role in methanogenesis or methane oxidation. This archaeon may be capable of synthetizing the precursors of isoprenoids via the bacterial MEP pathway, as previously noted in other 'Ca. Woesearchaeota' genomes 79 . By contrast, another 'Ca. Woesearchaeota' , 'Candidatus Woesearchaeota archaeon AR20' , represented by the first complete woesearchaeotal genome 2 , has extremely reduced biosynthetic and metabolic capacities and appears to be an obligatory symbiont (Fig. 6d) .
In contrast to CPR and DPANN with relatively complex metabolisms, 'Ca. Katanobacteria' , 'Candidatus KAZAN' and 'Ca. Dojkabacteria' (Fig. 5c ) within CPR and 'Ca. Pacearchaeota' (Fig. 5d) within DPANN consistently lack ATP synthase and pyrophosphatases (protonpumping proteins complexes) ( Fig. 3; Supplementary  Table 5 ). These organisms also lack genes for the synthesis of nucleotides, most or all amino acids, lipids, peptidoglycan (except for 'Ca. KAZAN') and cofactors. Fig. 4 | Maximum likelihood phylogenetic trees constructed for the catalytic subunits of NiFe hydrogenases and Rubisco. a | The NiFe hydrogenases tree includes the following different groups: 1, 2, 3a, 3b, 3c, 3d and 4. Most candidate phyla radiation (CPR) and DPANN ('Candidatus Diapherotrites', 'Candidatus Parvarchaeota', 'Candidatus Aenigmarchaeota', Nanoarchaeota and 'Candidatus Nanohaloarchaeota', in addition to other included lineages) organisms possess the cytoplasmic group 3b hydrogenase, which functions as a bidirectional enzyme enabling them to use H 2 as a source of reducing power, or either protons or elemental sulfur to dispose of reducing equivalents generated from fermentation. One 'Ca. Aenigmarchaeota' and several 'Candidatus Parcubacteria' have a membrane-bound group 4 hydrogenase that can produce H 2 and is likely coupled to proton translocation. b | The ribulose-1,5-bisphosphate (RuBP) carboxylase-oxygenase (Rubisco) tree includes the following distinct forms: form I, form II, archaeal form III, form IV and recently defined form II/III and form III-like (which currently includes only CPR and DPANN sequences). In most CPR organisms that have a Rubisco gene, it is either form II/III or form III-like (some 'Candidatus Dojkabacteria' have both forms). The Rubisco in DPANN archaea is most commonly form III, although some have form II/III or form III-like. These three distinct forms of Rubisco likely function in a nucleoside pathway that feeds into lower glycolysis (similar to the pathway proposed in Archaea 68 ). Both phylogenetic trees were generated using RAxML with the PROTCAT JTT model (proteins were aligned using MAFFT 100 Overall, these genomes have the most reduced biosynthetic and catabolic capacities of the organisms studied here, pointing to an unusually strong dependence on other organisms for almost all non-information system requirements.
We conclude that biosynthetic capacities across both the CPR and the DPANN radiation vary greatly; yet in cases where capacities are most limited, the pattern persists across major groups. This may indicate that ancient episodes of genome reduction initiated lineage divergence. Similarly, more complete capacities that suggest that the organisms can be free living tend to occur in distinct phylogenetic groups. However, the exceptional case of the single Parcubacteria ('Ca. Parcunitrobacter nitroensis' ) from the Parcubacteria superphylum is predicted to have numerous unexpected capacities, encoded by highly divergent enzymes, and may be involved in nitrogen compound metabolism (NCBI accession number: LBUF00000000). c | The capacities predicted to be typical of 'Candidatus Micrarchaeota' from acid mine drainage (NCBI accession number: MOEG01000001) are shown; these capacities are identical in 'Candidatus Parvarchaeota' from the same environment). The presence of cytochrome oxidase may be an adaptation to life in an aerobic or microaerophilic environment. d | An example of the unusually minimal metabolism of 'Ca. Woesearchaeota', lacking upper glycolysis and ATP synthase (NCBI accession number: CP010426), is shown. Alt Cx I, NADH dehydrogenase type II; Bc 1 Cx III, Bc 1 complex III; CPR , candidate phyla radiation; Cx I, complex I (NADH dehydrogenase); Cx II, complex II (succinate dehydrogenase); Cx IV, complex IV (terminal oxidase); Cx V, complex V (ATP synthase); DPANN, 'Candidatus Diapherotrites', 'Ca. Parvarchaeota', 'Candidatus Aenigmarchaeota', Nanoarchaeota and 'Candidatus Nanohaloarchaeota', in addition to other included lineages; HAO, hydroxylamine oxidoreductase; HdrABC, heterodisulfide reductase ABC; MtrB, decahaemassociated membrane protein required for Fe(III) reduction; MvhD, F420-non-reducing hydrogenase iron-sulfur subunit D; NiFe, NiFe hydrogenase; NorBC, nitric oxide reductase; OAA , oxaloacetate; PEP, phosphoenol pyruvate; PHB, polyhydroxybutyrate; PHBD, polyhydroxybutyrate depolymerase; PPP, pentose phosphate pathway ; TCA , tricarboxylic acid. Part b adapted from reF.
, Springer Nature Limited. Part d adapted with permission from reF.
, Elsevier.
NaTuRe Reviews | MiCRoBiology nitroensis') with extensive but highly divergent metabolism defies explanation, as its gene set cannot be attributed to recent LGTs.
Information systems
Given their tiny genome and cell sizes and minimal metabolism, it is often asked whether these organisms are more like viruses than cells. Their somewhat easily recognizable ribosomes and their ability to transform energy and carbon compounds clearly distinguish them as living organisms. However, the vast majority of CPR bacteria seem to have unusual ribosome compositions. All are missing a ribosomal protein often lacking in symbionts (ribosomal protein L30 (rpL30)), and some specific lineages are missing ribosomal proteins and biogenesis factors considered universal in Bacteria (rpL9, rpL1 and GTPase Der) 3 . These characteristics imply different ribosome structures and mechanisms, highlighting the divergence of these organisms relative to other bacteria.
From the point of view of transcription, most CPR genomes encode multiple σ70-family sigma factors from groups 1-4 (strangely, one 'Ca. Peregrinibacteria' genome encodes 17 sigma factors) (Supplementary Table 5 ). Sigma factors recognize the promoter DNA sequence and alter the structure of the RNA polymerase to initiate transcription 80 . Group 1 (RpoD), which is ubiquitous across CPR, is essential for cell viability. Groups 2-4 (RpoS, RpoE and ECF) are non-essential and control various adaptive responses, such as morphological development and stress management 81 , and are common in CPR. This observation suggests that CPR cells are responsive to changing environments. The σ54 factor, which regulates processes related to nitrogen metabolism 82 , has not yet been found in CPR. As expected, DPANN archaea mostly use archaeal transcription factors to regulate gene expression. Archaea were thought to lack sigma factors, but recent single-cell genome analyses of some DPANN archaea revealed three proteins in two 'Ca. Diapherotrites' and one 'Ca. Woesearchaeota' with σ70 domains, which belong to the non-essential groups 3 and 4 (reF. With respect to translation, both archaeal-type and bacterial-type tryptophan and tyrosyl tRNA synthetases, along with their cognate archaeal as well as bacterial tRNAs, are encoded in CPR genomes 83 . In addition to the case of 'Candidatus Beckwithbacteria' (within the superphylum Microgenomates) 83 , we identified both archaeal-type and bacterial-type tryptophan tRNA synthetases and tRNAs in close proximity in the same genome of a 'Candidatus Shapirobacteria' species (within the superphylum Microgenomates) (Supplementary  Figure 4) . Further, we identified a bacterial tryptophan tRNA synthetase along with two archaeal variants in one 'Ca. Pacearchaeota' (Supplementary Figure 4) . The reasons, if any, for such dual systems are unclear, but we speculate that they were acquired via inter-domain LGT.
Numerous and complex modifications of tRNA are important in microbial translation. As expected, CPR genomes encode methionyl-tRNA formyltransferase, which initiates translation in Bacteria. However, one might predict that non-essential tRNA modification enzymes would be absent in small genomes. However, we find that CPR genomes encode various non-essential tRNA modification enzymes, including some that could modulate the fidelity and efficiency of translation efficiency. They do not seem to encode proteins used by most bacteria to modify tRNAs to increase the efficiency and accuracy of protein translation (MnmE and MnmG   84 ). Instead, many CPR genomes have a single subunit, elongator protein 3 (Elp3), a protein with a radical sterile α-motif (SAM) domain that is common in Archaea 85 and Eukarya 86 (part of the eukaryotic multisubunit elongator complex), that performs the same function. Within the CPR, Elp3 is not homogeneously distributed across lineages. It is common in 'Ca. Parcubacteria' and occurs in certain 'Ca. Microgenomates' , 'Ca. Peregrinibacteria' , 'Ca. Dojkabacteria' , 'Ca. Katanobacteria' and 'Ca. Gracilibacteria' (Fig. 7) . Although Elp3 was noted in some bacteria and archaea previously 85, 87 , it has not been previously reported in CPR and DPANN genomes. Interestingly, in non-CPR bacteria, Elp3 is largely restricted to some Chloroflexi (related to Dehalococcoides spp. and novel groups) and certain Actinobacteria 85 ( Fig. 7) . We conducted a phylogenetic analysis that includes CPR and non-CPR bacterial Elp3 sequences, as well as those from DPANN and other archaea (Fig. 7) . Some Chloroflexi sequences group with DPANN 'Ca. Pacearchaeota' sequences, away from those of CPR and, other Chloroflexi and Actinobacteria. By contrast, the actinobacterial and other Chloroflexi sequences place within the radiation of CPR sequences. These findings suggest inter-domain LGT to Chloroflexi from DPANN archaea and inter-phylum LGT from CPR bacteria to other Chloroflexi and Actinobacteria and from 'Ca. Woesearchaeota' to 'Ca. Diapherotrites' (Fig. 7) . The CPR Elp3 sequences are highly divergent from those in Archaea, and the branch length in the CPR is comparable to that associated with all Archaea, suggesting an evolutionary history on the same scale as that of the entire archaeal domain. This finding could either indicate comparably rapid evolution of Elp3 within the CPR or an origin for this gene in a common ancestor of both Archaea and the CPR.
Organism-organism interactions
Given indications that many CPR and DPANN organisms are closely dependent on other community members, we sought indications of the mechanisms by which organism-organism interactions might occur. For CPR, many genes are involved in the production of type IV pili, which may have a role in DNA uptake 64 or secretion of compounds and interactions with surrounding cells 52 . The surfaces of some CPR cells are extensively decorated by pili 52 . CPR and DPANN genomes typically encode numerous glycosyltransferases 2, 47 , indicating that they devote a substantial amount of energy to the production and reconfiguration of saccharides, polysaccharides or glycoproteins. These compounds may be involved in attachment and regulation of the local environment surrounding the cell surface.
Many CPR and DPANN genomes encode proteins containing one or more of the following domains:
www.nature.com/nrmicro Ig-like, concanavalins (lectins), pectin lyases, fibronectin type III, β-propeller, von Willebrand factor and polycystic kidney disease (PKD) (Supplementary Table 5 ). Most are predicted to be on the cell surface or extracellular 2, 47 . These proteins are often very large, with up to 10,000 amino acids, and there may be many in a single genome. These large proteins are sometimes encoded in clusters, and a few are cysteine rich 70 . Overall, Elp3) is the homologue of the catalytic subunit of the six-subunit eukaryotic elongator complex that modifies the wobble uridine (U34) at C5 of tRNAs. Almost all archaea and many candidate phyla radiation (CPR) bacteria possess Elp3 homologues but lack genes encoding the other five elongator subunits. A few non-CPR bacterial groups have Elp3, which was possibly acquired via inter-domain and inter-phylum lateral gene transfers. Specifically , Actinobacteria and some Chloroflexi may have received this enzyme from CPR , whereas other Chloroflexi may have acquired the sequences from DPANN ('Ca. Diapherotrites', 'Ca. Parvarchaeota', 'Ca. Aenigmarchaeota', Nanoarchaeota and 'Ca. Nanohaloarchaeota', in addition to other included lineages) archaea. The phylogenetic tree was generated using RAxML with the PROTCAT JTT model (the protein alignment was generated using MAFFT 100 and was manually curated) (Supplementary Methods). The Elp3 tree is available with full bootstrap values in Newick format in Supplementary Data 6. given their small genome sizes, the observations point to the importance of surface attachment for the survival of CPR and DPANN cells.
One potentially important role for cell surface proteins may be in conferring host specificity. Diversitygenerating retroelements (DGRs), a recently discovered family of genetic elements that modify DNA sequences 88 and the proteins they encode, occur in many CPR and DPANN genomes 89, 90 . The DGRs target some proteins involved in surface attachment, defence and regulation 90 . Thus, they could enable adaptation to maintain binding specificity in the face of host cell surface protein evolution. DGRs are especially prominent in 'Ca. Pacearchaeota' , which probably adopt an obligate symbiotic lifestyle, given their highly reduced biosynthetic and metabolic capacities (Supplementary Table 5 ).
Introns in protein-coding genes and RNAs
Previously, the presence of introns in many CPR 16S rRNA and 23S rRNA genes was reported 3 . Such introns have only occasionally been reported in Bacteria 91, 92 and Archaea 9, 93 . The 16S rRNA introns often occur in many positions within the gene and can total >5 kb in length. Notably, CPR and DPANN organisms typically have only one set of rRNA genes, and so these intron-bearing genes must remain functional. Metatranscriptomic data showed that the introns are excised. Some are predicted to be self-splicing introns, and some encode homing endonucleases (Laglidag 1-Laglidag 3) (Supplementary Table 3 and Supplementary Methods). As for the CPR, the insertions are located in both variable and conserved regions of the 16S rRNA gene (Supplementary Figure 5) . The presence of introns may reduce the frequency with which these CPR and DPANN organisms are detected in 16S rRNA genes surveys 3 . In our analysis, we discovered introns in tRNAs in some CPR organisms. We loosely grouped 24 studied cases into three types. First, classic self-splicing group I introns occur in various tRNAs of 'Ca. Microgenomates' , 'Ca. Parcubacteria' and 'Ca. Peregrinibacteria' (Fig. 8) .
The group I CPR tRNA introns are inserted in the typical position, one nucleotide away from the anticodon. Second, there are intron sequences with similar lengths to those of group I introns (15 examples) ( Fig. 8 ; Supplementary Text and Supplementary Methods), but they were not recognized as group I introns by Rfam 94 . However, as they seem to share overall secondary structure with group I introns, we classify them as divergent group I. Notably, all occur in threonine tRNA with the GGT anticodon, and all terminate with guanine, as expected for group I introns. Interestingly, they are predicted to excise directly adjacent to the anticodon rather than one base pair away from it (however, excision directly after a thymine, the second T in the GTT anticodon, is common for group I introns). Divergent group I introns were found in CPR genomes from six different phyla in samples from geographically divergent locations and environment types (Supplementary Text). We compared the phylogeny of the threonine tRNAs (GGT) with that of the excised intron sequences and found them to be discordant, consistent with lateral transfer of the intron among widely divergent CPR bacteria. Finally, there are various small introns with defined secondary structure, some of which may be Y RNAs (Fig. 8) .
Excision from non-canonical locations was required to generate a plausible tRNA in a few cases.
Some CPR and many DPANN genomes encode RtcB, a 3ʹ-phosphate RNA ligase that is often involved in processing of tRNAs that contain introns 95 . RtcB occurs in some CPR (only Parcubacteria) and in most DPANN genomes. Interestingly, the protein lengths vary greatly. An alignment of the RtcB sequences revealed introns in at least four locations (Supplementary Figure 6) . The phylogenetic tree for these intron-bearing RtcB sequences (Supplementary Figure 6) suggests lateral transfer of the intein across taxonomically divergent lineages. Another intein was found in one 'Candidatus Jacksonbacteria' (Parcubacteria); the sequence is short and lacks an encoded endonuclease. The explanation for inteins within key metabolic genes is unclear, but intein excision is crucial for host gene function 96 . In combination, the findings for rRNA, tRNA and other genes indicate that intron proliferation in CPR genomes is a prominent feature. However, in comparison with eukaryotic genomes that tend to have many introns and low coding density, the coding density in CPR and DPANN is similar to that found in other bacteria and archaea (Supplementary Table 4 ).
Conclusions
In closing this Analysis, it is perhaps appropriate to address the question of why DPANN and CPR organisms should be important targets for future research. From the perspective of evolution, this is easily addressed: these lineages, in combination, may account for approximately half of all the archaeal and bacterial diversity of the planet. They are now recognized as members of natural microbial communities across a remarkable range of environment types (Supplementary  Table 2) , and yet their ecosystem importance remains uncertain. The vast majority of organisms from both radiations is predicted to live in some type of symbiosis or, at minimum, with dependence on other organisms for many basic metabolic requirements. In a few cases, CPR and DPANN organisms have eukaryotic hosts (protists, the dolphin, and human mouths and lungs 34, 39, 43, 58, 97 ). In the deeper subsurface where Eukaryotes are rare or absent, the hosts are presumably bacteria and archaea. In many environments, the CPR and DPANN are likely to be episymbionts, as shown for N. equitans attached to Ignicoccus hospitalis 53 , Nanopusillus acidilobi and its host Acidilobus sp. 7A 56 , DPANN associated with Thermoplasmatales archaea 10, 44, 57 and 'Ca. Saccharibacteria' on Actinobacteria 39 . In deep aquifers, communities featuring the association of symbionts and hosts may be well suited to stable, low-nutrient environments, where pore space volumes are limited and dispersal to potential host organisms is favoured if the cells are small. Under such conditions, CPR and DPANN organisms may contribute community-essential roles associated with recycling of microbial biomass from dead cells back to nutrients that are useful to other community members 11 . It is very likely that the association of CPR and DPANN organisms with other community members will have a great impact on the activities and metabolic capacities of the organisms that they depend on. Effects could arise from consumption of by-products that may alter the energetics of certain reactions, production of useful substrates such as hydrogen and small-chain fatty acids, competition for resources, provision of services such as phage defense 63 and pathogenic interactions. Owing to their ubiquity in the environment and through their community interactions, CPR and DPANN microorganisms are likely to affect human-relevant activities such as agriculture, water treatments and animal and human health as well as global biogeochemical cycles.
By exploration of the CPR and DPANN, researchers have uncovered a vast swath of new biology. The findings have motivated new renderings of the topology of the tree of life, revised our understanding of how metabolic capacities are distributed, expanded the range of symbiotic lifestyles and motivated new consideration of evolutionary and co-evolutionary processes. Much remains to be learned. This is especially apparent when it is realized that approximately half of the genes in the genomes of these organisms have no known function. These genes and pathways are likely to represent a substantial opportunity for future scientific discovery. If, as predicted, CPR and DPANN depend on other organisms, many of their unknown genes may be involved in organism-organism interactions, phenomena that are under-studied given the history of microbial research on organisms growing in pure cultures. Molecules involved in cell-cell interactions could have applied value, perhaps as antimicrobials or other pharmaceuticals. The biotechnological value of CPR genes has already been considered in the case of CRISPR-Cas systems, which in CPR are mostly novel. Many of the first-described Cpf1 family proteins 98 and the recently described CasY 99 were discovered in CPR genomes. Likely because they evolved in small genomes, both Cpf1 and CasY are moderately compact type II systems. Consequently, they are of considerable interest for genome editing 99 . It is certain that many new and interesting discoveries will follow as we learn more about CPR bacteria and DPANN archaea.
